INTRODUCTION
The fabrication of bulk high-Tc superconducting ceramics with well oriented microstructure and being able of carrying high currents below 77 K, is of great interest for the development of practical devices [1] . As a consequence, great efforts have been devoted to develop techniques leading to the production of highly oriented superconducting grains [2] [3] [4] [5] . Among all the High-T C superconductors, Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) materials have demonstrated that they are suitable for many applications when they are properly processed in order to obtain a good grain alignment [6, 7] . A very useful technique for rapidly growing from the melt well textured BSCCO rods from the melt is the Laser Floating Zone (LFZ) method, as reported in previous works [8] [9] [10] . The microstructure of the superconducting materials is characterized by a good alignment of the grains, with their a-b planes quasi-parallel to the growth direction [11] . This high degree of texture leads to a very important increase of the transport properties, as J C , due to the reduction of the number of low-angle junctions [12] .
On the other hand, the low slope of the superconducting to normal transition on the electrical current curve, E-I, for the Bi-2212 phase, imposes severe limitations for its application as fault current limiters. The usual solution to overcome this problem is based on the use of samples with long lengths.
Another possible way is the cationic substitution, which could introduce effective flux pinning centers and increase the slope of the E-I curves [13] . The partial substitution of Bi by Pb has shown to be useful to increase the intragranular pinning properties in single crystals, leading to the enhancement of both irreversibility field and critical current density [14, 15] . Furthermore, this type of substitution has been found to decrease the anisotropy at high temperatures [16] . In these Pb-doped crystals the existence of two alternating Bi(Pb)-2212 phases is well established [17] . One, the so-called α phase, exhibits a modulated structure with a nominal Pb content of ~ 0.4 [17] . The other one, the β phase, is a modulation-free structure and has higher Pb content, around 0.6 [17] . The α phase exhibits a one-dimensionally modulated structure along the baxis in which atomic positions are displaced in a wavy manner. The interfaces between the two phases are extended planar defects, which act as strong flux pinning centers [17] . More recently, it has been found that the β phase (modulated-free one) enhances pinning due to its lower anisotropy. In fact, the best pinning properties are exhibited by the combination of a dominant β phase strengthened by α/β interfaces [15] . This optimal phase combination has been obtained for 0.33 effective Pb substitution [15] . Contrarily to the results obtained for single crystals, limited success is obtained in bulk and tape systems with this cationic doping [18] [19] [20] [21] .
The aim of this work is to study the influence of Pb doping on the sharpness of the superconducting to normal transition of the E-I curves in LFZ textured Bi-2212 thin rods. For this purpose, the well-known power law, E ~ I n , has been selected to describe the E-I curves. The fitting parameter n reflects the sharpness of the superconducting to normal transition and it is correlated with the quality of the superconducting material.
EXPERIMENTAL
The [24] to decompose the alkaline earth carbonates, otherwise they would produce CO 2 bubbles in the molten zone which would disturb the solidification front. After the thermal treatment, the powders were cold isostatically pressed at 200 MPa in form of cylindrical bars which were subsequently used as feed in a directional solidification process performed in an LFZ installation [25] . The textured bars were obtained using a continuous power Nd:YAG laser (λ = 1064 nm), under air, at a growth rate of 30 mm/h and a relative rotation of 18 rpm between seed and feed. Using these growth conditions and adjusting the laser power input to obtain a melted zone of 1-1.5
times the rod diameter, it is possible to obtain a stable solidification front, which allows the fabrication of homogeneous textured bars.
Bi-2212 ceramic presents incongruent melting and, in consequence, after the directional solidification process, it is necessary to perform a thermal treatment in order to form the Bi-2212 superconducting phase [26, 27] . This annealing process was performed under air, and consisted in two steps: 60 h at 835 ºC to produce the Bi-2212 phase, followed by 12 h at 800 ºC to adjust the oxygen content and, finally, quenched in air to room temperature. Before the thermal treatment, silver contacts were painted on the as-grown samples for the electrical measurements. After annealing, the silver contacts have typical resistance values below 1 µΩ. The annealing temperature has been determined using DTA analysis, on as-grown fibers, performed in a SDT Q600 (TA Instruments) between room temperature and 900 ºC. cm long and were measured using the standard four-probe configuration.
Transport critical current density (J C ) values were determined at 77 K using the 1 µV/cm criterion and the slope of the E-I curve was also calculated by the power law E ∼ I n . Resistivity as a function of temperature, from 77 to 300 K, was measured using a dc current of 1 mA, in order to determine the transport T C values. Moreover, the E-I characteristics of the 0.4 Pb annealed rods have been determined between 65 and 77 K by pumping liquid nitrogen in an experimental setup described elsewhere [24] . From these results, the variation of the slope of the E-I curves as a function of the temperature was determined using the power law E ∼ I n . From these E-I curves, transport J C was calculated as a function of temperature using the standard 1 µV/cm criterion.
RESULTS AND DISCUSION
After the directional growth of Moreover, in the figure it can be seen that Pb is also responsible of an increased grain misorientation when the amount of Pb is raised. This effect is more pronounced for Pb contents of 0.6 which produces the destruction of the grain alignment (see Fig. 3d ). shown by this phase is very similar to the observed for the Bi-2212 one, and can only be distinguished by its shape. This phase is presented in Fig. 4 (surrounded by a black line, for easy identification), where a representative longitudinal polished section of the 0.6 Pb-doped samples is shown. The presence of this phase is detrimental by two main reasons: firstly, it is a Pb-and Bi-very rich one and will limit, in a very important manner, the amount of superconducting phase, and secondly, as it is an insulating phase, it will cut the superconducting paths weakening the electrical connectivity between grains.
The different microstructures and phase contents observed previously are reflected in the electrical properties, as it is illustrated by Table I . From these data, it is evident that the best T C results for the Pb doped samples are obtained for the 0.4 Pb containing ones.
On the other hand, the relatively low T C values obtained for the undoped samples are due to the low annealing temperature used (835 ºC) for all samples, which is lower than the optimal one determined in previous works (860 ºC) [29, 30] .
The same evolution of T C is found in the transport J C values calculated from the E-I curves. J C decreases with the amount of Pb (see Table I ) due to their microstructural evolution when raising Pb content discussed previously. As discussed for the T C values, J C in the pure samples is much lower than the typical ones obtained when the samples are annealed at the optimal temperatures [19] . On the other hand, when calculating the slope of the transition curves between the superconducting and the normal state (n), the general evolution shown in Table I 
